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Title of the invention 

SIGNAL MEASUREMENT AND PROCESSING METHOD AND APPARATUS 
Field of the invention 

The present invention generally relates to a method and apparatus for measuring and 
processing electrical parameters related to an electrical arrangement. 

Background of the invention 

In some sensing and processing applications more than one quantity has to be measured 
by an electronic processing system. For some applications the absolute accuracy of the 
measure of each quantity is less important than the accuracy of one or more quantities 
relative to one or more other quantities. 

For example in a control system where it is necessary to establish whether one quantity 
is bigger than another with a high degree of precision, so that the correct answer is 
given even if the larger input is for example only 0.1% bigger than the smaller, it is 
possible to use a two channel measurement system with absolute accuracy better than 
0,05% for each channel in order to achieve the desired result However, this absolute 
accuracy must be maintained under variations in the environment, such as time, 
temperature, pressure, and humidity. Such a high precision and stable system is 
expensive to produce because it requires expensive, close-tolerance, and stable 
components. 

In an electrical system where it is desirable to measure or monitor the impedance or part 
thereof of a device, in the prior art it has been necessary to measure the current and 
voltage and to take the ratio in order to determine the impedance or part thereof in order 
to identify a change in impedance or part thereof. Such a device can for example 
comprise a proximity sensor. Such a sensor is disclosed in WO 01/65695, the content 
so which are hereby incorporated by reference. A sensor of this type provides a 
proximity measure whereby when a target is in the proximity of the device the 
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impedance (or a component of impedance) of the device changes. WO 01/65695 
discloses a method of proximity sensing in which the impedance of the proximity sensor 
is measured in order to detect a change of impedance. A known measurement system 
for use with proximity sensors such as that disclosed in WO 01/65695 is illustrated in 
Figure 1 . The proximity sensor 1 has an impedance Z which is required to be measured. 
The proximity sensor 1 is connected to earth and to a load resistance 2. A processor 3 is 
provided to digitally generate a drive wave form which is digital-to-analogue converted 
in a digital-to-analogue converter 4 to generate an analogue drive signal which is input 
through a low pass filter 5 and amplified by an amplifier 6 before being applied across 
the series connected load resistance 2 and proximity sensor 1 . A voltage v s is measured 
as the voltage across the proximity sensor 1 by connecting a first analogue-to-digital 
converter 7 via a low pass filter 8, The output of the analogue-to-digital converter 7 is 
input to the processor 3. A second voltage v 0 is measured as the voltage across the 
series connected load resistance 2 and the proximity sensor 1, A second analogue-to- 
digjtal converter 9 receives the voltage signal v 0 via a second low pass filter 10 and 
inputs a digital representation of a voltage v*. 

In the prior art proximity sensor such as disclosed in WO 01/65695 the sensor typically 
consists of a coil with or without a core of permeable material. The provision of the 
core allows directing of the magnetic flux of the coil and enhancement of the 
inductance. Directing of the flux allows the designer to have control over the direction 
of sensitivity of the centre assembly. 

As can be seen in Figure 1, the sensor 1 is driven by a drive signal having a voltage and 
a resulting current which is of fluctuating nature and which can be sinusoidal or 
transient to allow the impedance to be evaluated. 

If a sinusoidal voltage at angular frequency co is applied, the voltage and resulting 
cun-ent are expressed as: 

v 0 (t)=real(V 0 (o>)e J **) 

and 

i(t) =real(I(a>)e J **) 
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where V a (a>) and 1(a) are the complex amplitudes. All of the voltages and currents in 
the circuit, not just these two, can be similarly expressed via complex amplitudes. 

Impedance Z(o>) at the frequency ©is defined as: 

Z((o) - V s (a>)/I(a>). 
Also, impedance Z(a>) comprises: 

Z(a>) = R +jcc£, 

or 

Z(a>)~R + l/0<aC). 
where R is the resistive component (the real component of impedance), L is the 
inductive component, and C is the capacitive component. It should be noted that the 
imaginary part of the impedance is frequency dependent and is usually termed the 
reactive component 

The portion of the current that is in phase with the voltage is often referred to as real or 
dissipative (or simply in phase) and is associated with the resistive behaviour of the coil 
and cables. The portion of the current that is in 'phase quadrature' or at 90 degrees to 
the voltage is often referred to as the imaginary, quadrature, or reactive component It is 
associated with energy storage in the coil's electromagnetic fields, either due to its self- 
capacitance (electrostatic energy storage) or inductance (magnetic energy storage), or 
both. 

The current is normally sensed by measuring the voltage produced by the current 
flowing through a known constant resistance in series with the coil and by using Ohm's 
law: 

J(a>) = AV(a>) /R 

where A V(a>) is the complex amplitude of the voltage across the load resistance 2. 

It can thus be seen from Figure I that in order to determine the impedance the v„ 
measure provides the complex voltage applied to the sensor 1 and the current can be 
determined from the voltage difference between the voltage measures v 0 and v, and the 
value of the load resistance 2. 
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Thus within the processor 3, the simultaneous measurements of v Q and v s are used to 
determine the complex voltage and current applied to the sensor 1 in order to determine 
an impedance value for the sensor 1. 

The impedance and/or inductance of the sensor's coil are altered by the presence of a 
nearby metallic target. The target alters inductance in the following ways. If a target is 
made from a material with permeability greater than the normal medium surrounding 
the coil, then its presence enhances the magnetic field coupling through and around the 
coil, and so increases its inductance. It should be noted that the permeability of some 
materials is affected to some degree both by the excitation frequency, by temperature, 
and by other magnetic fields. If the target is a permanent magnet, then drawing it near 
to the core induces magnetic flux in the core. This forces the core nearer to its magnetic 
saturation which, with well-behaved magnetization or *BH* curves, reduces core 
permeability. The reduction in permeability appears as a reduction in the reactive 
component of the impedance and hence reduction in inductance. If the target is made 
from a conductive material, the eddy currents induced in the target by the fluctuating 
magnetic field of the coil generate their own field, which substantially opposes that 
produced by the coil. The net field appears as a reduced field to the coil, which incurs a 
reduction in inductance as the target approaches the coiL In addition, the eddy currents 
in the target introduce energy loss that appears in the sensor's impedance as an increase 
in resistance. 

Thus in the prior art in order to detect a change in inductance of the sensor 1, a very 
accurate load resistor 2 is placed in series with the sensor I to act as a current sensor. 
Two voltage measurements are taken across the load resistor 2 simultaneously using 
two measurement channels comprising low pass filters 8, 10 and analogue-to-digital 
converters 7, 9. Within the processor 3 a value for the impedance Z is calculated by 
taking a ratio of the processed measurements. Thus in order to determine the 
impedance to high accuracy, it is necessary for the measurement channels to be closely 
matched and to include high precision components. Further, the prior art system 
requires an expensive, close-tolerance, series sense resistor to provide for current 
sensing. In addition, computation implemented within the processor 3 requires a 
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division for computation of impedance. Such a division is computationally expensive 
and requires protection from out of range results such as divide by 0. 

Summary of the invention 

The general object of the present invention is to provide an improved signal 
measurement and processing method and apparatus. It is a specific object of one aspect 
of the present invention to provide an improved signal measurement and processing 
apparatus for generating an output in dependence upon the impedance or a component 
of impedance of a device. 

A first aspect of the present invention provides an apparatus and method for measuring 
and processing a plurality of electrical parameters related to an electrical arrangement. 
A measurement channel is provided for measuring the parameters. A switch 
arrangement controls the measurement channel to provide for the sequential 
measurement of the parameters. A processing arrangement processes the sequentially 
measured parameters to generate an output. A signal generating arrangement is 
provided for generating an electrical signal for application to the electrical arrangement 
to generate the parameters. 

Thus in accordance with this aspect of the present invention, a measurement and 
processing method and apparatus is provided in which the need for multiple 
measurement channels for multiple measured parameters is avoided by the use of a 
measurement channel which is switched for sequential measurement of the parameters. 

In one embodiment, in order to provide stability and the required level of accuracy in 
the measurements, a drive signal for generating the measured electrical parameters is 
known during sequential measurements and the response of the electrical arrangement 
to the drive signal is relatively stable during the period of the sequential measurements. 

In accordance with one embodiment of the present invention, the drive signal is a 
repetitive signal. It can be comprised of one or more periodic components. For example 
it can comprise a periodic waveform at one or a number of frequencies. 
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In one embodiment of the present invention, the signal generator arrangement generates 
a repetitive signal comprising sequential signal blocks for application to the electrical 
arrangement. The parameters comprise parameters of the signal as affected by the 
electrical arrangement and the switch arrangement switches the measurement channel to 
measure each of the parameters during the same part of the signal block of sequential 
signal blocks of the signal. The repetitive signal need only be strictly repetitive for two 
successive blocks (a block pair) since the measurements made for these blocks are used 
in a comparative manner in the processing. Successive block pairs can be of different 
phase to other block pairs. 

In one specific embodiment of the present invention, the signal generating arrangement 
includes a digital store storing a signal pattern for at least a part of a said signal block. 
The generator means is provided for digitally generating a digital signal by repeatedly 
using the stored signal pattern and the generated digital signal is analogue-to-digital 
converted to generate the repetitive signal. 

In one embodiment of the present invention, the electrical parameters comprise voltage 
and/or current and the processing arrangement processes the measured parameters to 
obtain the output in dependence upon impedance or at least one component thereof, 
such as one or more of resistance, capacitance and inductance. 

Thus in this embodiment of the present invention, the processing can produce an 
impedance value or a value representing at least one component of impedance (such as 
one or a combination of resistance, capacitance and inductance) if required. However, 
where only an indication of a relative state of impedance or at least one component 
thereof is required, such a$ in a proximity sensor, the processing arrangement can more 
efficiently avoid the determination of an absolute measure of impedance or at least one 
component thereof and instead merely give an indication of whether a quantity related 
to the impedance or at least one component thereof is above or below a threshold. 

In one embodiment of the present invention, a plurality of the measurement channels is 
provided and the switching arrangement is adapted to switch each of the measurement 
channels to sequentially measure the parameters to allow simultaneous measurements in 
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the measurement channels. The processing arrangement processes the sequentially 
measured parameters for each channel to provide a plurality of results. 

Thus, this embodiment to the present invention overcomes a limitation of the sequential 
measurement technique by performing multiple simultaneous measurements of 
parameters using multiple channels, where each channel is used to obtain measurements 
of each parameter to provide multiple results which are generated more frequently than 
for a single measurement channel. This reduces the effect of the delay caused by the 
sequential measurement technique. 

One embodiment of the present invention is applied to the generation of an output in 
dependence upon impedance or at least one component thereof in which the electrical 
parameters comprise voltages, and the electrical arrangement comprises a load 
component having a known impedance or at least one component thereof connected in 
series with the device to allow for the measurement of a voltage drop across the load 
component The signal generating arrangement applies a voltage to the series connected 
load component and device and switch arrangement switches the measurement channel 
to sequentially measure a first voltage on a first side of the load component and a 
second voltage on a second side of the load component or a voltage difference across 
the load component. The signal processing arrangement processes the measurements to 
generate the output in dependence upon the impedance of the device or at least one 
component thereof. 

The load component can comprise any device that enables the voltage to current 
relationship to be known to enable a voltage measurement to be used as a cunrent 
measurement. The load component can comprise any device that has an impedance. 
Such devices include resistors, capacitors, inductors and any combination thereof. Also 
the at least one component of impedance on which the output can depend can comprise 
any real, imaginary or complex part of the impedance and can for example comprise 
one or more of resistance, capacitance and inductance. 

In one specific embodiment, the processing arrangement determines a parameter 
indicative of the complex amplitude of the first voltage on a first side of the load 
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component connected to the device, and a second parameter indicative of the complex 
amplitude of a difference to voltage comprising the difference between the first and 
second voltages. Each of the first and second determined parameters is multiplied by 
the complex conjugate of the second determined parameter to generate third and fourth 
parameters respectively. The third and fourth parameters are then compared to generate 
the result. The comparison can be a scaled comparison. Thus in this embodiment to the 
present invention, the third and fourth parameters are merely compared and the result is 
not generated as a result of taking a ratio of parameters. In this embodiment, if the drive 
signal has more than one frequency, more man one first and second parameters are 
determined (one per frequency) and more man one third and fourth parameters are 
determined. These can be compared to obtain multiple results, which can be averaged. 
Alternatively, the multiple third and fourth parameters can be compared in combination 
to obtain the result. 

In one embodiment, the processing arrangement is adapted to multiply said first voltage 
measurement by a factor based on a phase inverse of a complex signal of which one 
component of the generated signal is a part to determine said first parameter, to multiply 
said second voltage measurement by said factor to determine an interim parameter, and 
to subtract the first parameter from said interim parameter to determine said second 
parameter. 

In an alternative embodiment, the processing arrangement is adapted to multiply said 
first voltage measurement by a factor based on a phase inverse of a complex signal of 
which one component of the generated signal is a part to determine said first parameter, 
to determine a difference voltage using said first and second voltage measurements, and 
to multiply said difference voltage by said factor to determine said second parameter. 

In another embodiment, the processing arrangement is adapted to multiply said first 
voltage measurement by a factor based on a phase inverse of a complex signal of which 
the generated electrical signal is a part to deteimine said first parameter, and to multiply 
said voltage difference measurement by said factor to determine said second parameter. 



In one embodiment, the measurement channel includes an analogue-to-digital converter 
for generating digital voltage measurements from the voltage measurements and the 
processing arrangement multiplies each of the voltage measurements by said factor. 
Said factor comprises a sampled version of e Ja * over a plurality of digital samples. 
When the drive signal comprises more than one frequency a>, said finrst and second 
voltage measurements are multiplied by said factor at each respective frequency to yield 
a plurality of results. 

In one embodiment, the present arrangement is adapted to compare one or more 
components or derivatives of the third parameter and the fourth parameter to generate 
the result. For example, a component or derivative of the third parameter can comprise 
only the real part, only the imaginary part, or a magnitude where the third parameter is 
complex. In these embodiments of the present invention, the multiplication of the first 
and second parameters by the complex conjugate of the second parameter forms a 
complex third parameter and a real fourth parameter. This enables the complex third 
parameter to be compared with the real fourth parameter without the need to take a ratio 
of the two. However, only the real or imaginary, or magnitude of the complex third 
parameter need be used in the comparison with the fourth parameter. 

In one embodiment, an estimate of noise in the measurements is determined using 
averages of the third and fourth parameters over a plurality of measurements. The 
estimate of noise is used to determine whether to ignore the current comparison of the 
third and fourth parameters i.e. because of a high noise level. This embodiment to the 
present invention avoids erroneous measurements due to a high level of noise. 

Another aspect of the present invention provides an apparatus comprising a load 
component having a known impedance or at least one component thereof connected in 
series with the device to allow for the measurement of a voltage drop across the load 
component; a generator arrangement for applying a voltage signal to the series load 
component and device; a measurement arrangement adapted to measure a first voltage 
one side of said load component, and a second voltage on the other side of said load 
component or a difference voltage comprising the voltage difference across said load 
component; and a signal processing arrangement for processing the measurements to 
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generate an output in dependence upon the impedance or at least one component of the 
impedance of the device, wherein the signal processing arrangement is adapted to 
determine a first parameter indicative of the complex amplitude of the first voltage on a 
first side of said load component connected to said device and a second parameter 
indicative of the complex amplitude of said difference voltage or a calculated difference 
voltage comprising the difference between the first and second voltages, to multiply 
each of the first and second determined parameters by the complex conjugate of the 
second determined parameter to generate third and fourth parameters respectively, and 
to compare said third and fourth parameters to generate the output 

Another aspect of the present invention provides an apparatus and method for 
generating an output in dependence upon the impedance or at least one component of 
the impedance of a device, the apparatus comprising a load component having a known 
impedance or at least one component thereof for connection in series with a device to 
allow for the measurement of the voltage drop across the load component; a generator 
arrangement applying a voltage signal to the series connected load component and 
device; a measurement channel for measuring voltage; a switch arrangement for 
switching the measurement channel to sequentially measure a first voltage one side of 
said load component and a second voltage on the other side of said load component; and 
a signal processing arrangement for processing the measurements to identify a change 
of impedance or at least one component thereof 

A further aspect of the present invention provides a method of calibrating apparatus for 
generating an output dependent upon the impedance or at least one component of the 
impedance of a device. The apparatus includes a load component having a known 
impedance or at least one component of the impedance. The method comprises 
connecting a test load component having a known impedance or at least one component 
thereof to the apparatus in place of the device and in series with the load component. A 
voltage signal is applied across the series connected test load component and load 
component Measurements indicative of the voltage across the test load component and 
current in the test load component are obtained and processed to determine a value 
dependent upon the impedance or at least one component thereof of the load 
component The determined value is then stored for use by the apparatus for generating 
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an output in dependence upon the impedance or at least one component of the 
impedance of a device during measurements made on the device. 

A further aspect of the present invention provides a method of identifying a device 
having a characteristic of impedance or at least one component of impedance as a 
function of frequency, the method comprising: applying at least two frequency signals 
to said device; measuring the voltage across said device and the current flowing through 
said device at said frequencies; determining impedances or at least one component 
thereof for said device at said frequencies; and using said determined impedances or at 
least one component thereof to identify said device. 

Another aspect of the present invention provides a method of identifying a device 
having an impedance characteristic as a function of frequency, the method comprising 
applying at least two frequency signals to said device; obtaining parameters indicative 
of the voltage across said device and the current flowing through said device at said 
frequencies; and comparing said parameters for said device with parameters for at least 
one other device to identify said device. 

Another aspect of the present invention provides a method of identifying a device 
having an impedance characteristic as a Amotion of frequency, the method comprising 
applying at least two frequency signals to said device; obtaining measurements 
indicative of the voltage across said device and the current flowing through said device 
at said frequencies; processing said measurements in a multiplicative and non divisional 
manner to determine if a first factor related to the impedance or part of the impedance of 
the device at a first frequency has a predefined inequality relationship with a second 
factor related to the impedance or part of the impedance of the device at a second 
frequency; and identifying the device in dependence upon the predefined inequality 
relationship. 

In one embodiment, the predefined inequality relationship defines whether said first 
factor is greater than or less than said second factor times a predetermined constant and 
the constant is predetermined for identification of the device. 
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Brief description of fog Swings 

Figure I is a schematic diagram of a prior art measurement and processing 

system; 

Figure 2 is a schematic diagram of a measurement and processing system in 
accordance with a first embodiment of the present invention; 

Figure 3 is a schematic diagram of a measurement and processing system in 
accordance with a second embodiment of the present invention; 

Figure 4 is a schematic diagram of a measurement and processing system in 
accordance with a third embodiment of the present invention; and 

Figure 5 is a diagram illustrating a graph of the impedance characteristics with 
frequency of two types of devices. 

Description of preferred embodiments of the invention 

Figure 2 illustrates a first embodiment of the present invention for the determination of 
a change of impedance of a device such as a proximity sensor 20. A load resistance 21 
which is temperature and age stable and whose value is known and stored within the 
processing system is connected in series with the device 20. One end of the load 
resistance 21 is connected to an amplifier 22, which generates a drive signal comprising 
at least one sinusoidal signal. The other end of the load resistance 21 is connected to 
the device 20. A processor 23 is provided with a program memory 24 to control the 
operation of the processor. An erasable programmable read-only memory (EEPROM) 
25 is provided to store data to be used by the processor 23. The data stored in the 
EEPROM 25 can include waveform generation data comprising a digital representation 
of at least a part of a waveform. Alternatively this can be stored in the program memory 
24 or the random access memory (RAM) 26. The processor 23 is thus able to read the 
data from the EEPROM 25 in order to generate a continuous digital waveform which in 
this embodiment comprises a single wave form for simplifying explanation hereinafter. 
The storage of the waveform within the EEPROM 25 (or other memory location) makes 
the production of the digital drive waveform simple. A processor 23 is not required to 
perform calculations in order to determine output values for a cyclical waveform; 
instead values are simply repeatedly read out of the EEPROM 25. 
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A random access memory (RAM) 26 is provided to enable the processor 23 to store data 
during processing. 

The digital drive signal output from the processor 23 is input to a digital-to-analogue 
converter 27 to generate an analogue wave signal which is passed through a low pass 
filter 28 and input to the amplifier 22 to generate the drive signal to the load resistor 21 . 
The low pass 'reconstruction* filter 28 reduces undesirable artefacts of the digital-to- 
analogue conversion process. In an alternative embodiment the DAC 27 can be 
replaced with a pulse width modulated digital output directly from the processor 23. 

The resistance value of the load resistor 21 can be stored in the EEPROM 25, the 
program memory 24 or the RAM 26 for use in data processing. In feet to avoid the 
requirement for a division in the computation, the reciprocal of the resistance value may 
be stored so that a multiplication operation can be used in the calculation instead. 

The processor 23, the DAC 27, the ADC 30, the EEPROM 25, the RAM 26 and the 
memory 24 can all be provided on a microcontroller such as the Microchip PIC series. 
Thus the microcontroller can perform the function of signal generation and signal 
processing. 

In this embodiment of the present invention a single measurement channel is provided 
comprised of a low pass filter 29 and an analogue-to-digital converter 30 to provide a 
digitised input to the processor 23. The measurement channel is connected to a switch 
arrangement 31, which receives as inputs connections from either side of the load 
resistor 21 . The switch arrangement is controlled by a control signal from the processor 
23 to switch between measurements of the voltages v 0 and v, either side of the load 
resistor 21. 

The processor 23 controls the generation of the sinusoidal output signal to be in 
synchronism with the measurements input from the analogue-to-digitaJ converter. Thus 
the waveforms are generated and measured synchronously. The processor 23 can 
comprise a microcontroller to control the output as well as the acquisition of the input 
samples. The output sequence comprises a block of samples during which the switch 3 1 
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is controlled so that the measurement channel measures the voltage on one side of the 
load resistor 21 i.e. during one measurement period The block of samples may contain 
any multiple of cycles of a periodic waveform, such as a single sinusoid. The processor 
23 then controls the switch 31 to switch to receive measurements of the voltage on the 
other side of the load resistor 21 and during this measurement period the processor 23 
outputs a sequence identical to the previous sequence. Thus during pairs of 
measurement periods the output sequences are identical. It is thus preferable for the 
successive measurements to occur over successive blocks. The blocks need not be 
consecutive. It is possible for there to be a quiescent period between measurements, or 
the blocks can be filled with an initial number of zeros. However, to avoid latency it is 
preferred that measurements are taken successively and each measurement period 
comprises a whole block of data. In order to compensate for any transient factors, it is 
possible for the first part of the responses to the output to be discarded or not measured 
to allow for settlement. It is preferred that the measurements be taken during the same 
section of successive blocks to avoid for the need for any phase compensation. 
However, the present invention encompasses the possibility of compensating for 
different phase measurements. The blocks themselves maybe different from one pair of 
measurements to the next. 

As can be seen in this embodiment, since there is only one measurement channel 
comprising the low pass filter 29 and the analogue-to-digital converter 30, there is no 
requirement for accurate gain and phase matching of two filters and analogue-to-digital 
converters. Since all measurements are carried out using a single measurement channel, 
all measurements are equally affected by the characteristics of the measurement channel 
and thus in the calculations these factors cancel out. 

Thus measurements are provided to the processor in successive blocks of the voltage v s 
on one side of the load resistor 21 which comprises the voltage applied across the 
device 20. The other voltage measurement obtained is the voltage v 0 on the drive side 
of the load resistor 21. 
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In the embodiment of Figure 2 the load resistance 21 is provided to enable the 
determination of the current flowing through the device 20. The complex amplitude of 
the current can be calculated using Ohm's law as follows: 




where V 0 and V 9 axe the complex amplitudes at some frequency of v 0 and v,. 

The impedance of device 20 at this frequency is given by: 

Therefore: 

Z = — 2 — 

0 s 

It can be seen from this equation that impedance can be calculated from the ratio of the 
two complex voltage amplitudes taking into consideration the load resistance. In other 
words the value of the impedance is dependent upon the ratio of the voltage across the 
device and the voltage difference across the load resistance 21 . 

In one embodiment of the present invention the sequential measurements can be used to 
calculate the impedance. To detect a change of impedance, or in the case of the device 
being a proximity sensor, to detect the proximity of a target, the impedance value can be 
compared with a threshold impedance value to determine the proximity of a target to the 
sensor. 

Such embodiments to the present invention, which involve the calculation of the 
impedance, however, require for a computationally expensive division operation to be 
carried out. Such divisions, also can result in out of range results e.g. a divide by zero 
operation which can be caused by noise. 

A preferred embodiment of the present invention does not result in the calculation of an 
absolute value for impedance. Instead quantities derived from the V s and the V 0 - V s are 
compared to identify a change in the relative values. This can be used to compare the 
relative values with a threshold. 
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The explanation of the operation of the measurement and processing is complicated by 
the fact that the drive signal generation and processing is performed digitally and the 
measurements comprise complex values for the voltage including phase and amplitude 
information. Also, impedance is complex: 

In this simplified embodiment, the output drive signal comprises a sinusoidal signal at a 
predetermined angular frequency « Samples of this signal will be clocked out of the 
digital-to-analogue converter at a sample frequency/, = 1/x, where % is the sample 
period. Each block of the samples can be denoted by: 

v,„ = real<y Q z") for n = - P to M-l 
where W. V 0 is the complex amplitude of the output voltage, P is a positive integer 
or zero indicating the number of samples of the block which may be zeroed to allow for 
settling, and M is a positive integer. 

Normally there is no point in choosing V 0 to be anything other than 1 since the units of 
the signal are arbitrary and there is no point in requiring a complex multiplication to be 
performed as each output sample is generated Typically therefore only the real part of 
t is needed to generate the output These values are calculated and stored in the 
EEPROM memory 25 or program memory 24 beforehand, or they can be precomputed 
and stored in the RAM 26. 

There may be occasions when the phase of the output drive signal is desired to be varied 
from one pair of blocks to another pair of blocks to help decollate it from an otherwise 
phase-locked interfering signal (such as cross-talk from another sensing system running 
at precisely the same frequency). In this case, both the real and imaginary components 
of z" will preferably be pre-calculated and stored so that an output of arbitrary initial 
phase can be generated. 
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Due to periodicities and symmetries in the output sequence, it is possible to store fewer 
than P+M values of f and still be able to generate the entire output sequence without 
any additional arithmetic operations. The storage of such a partial representation of the 
generated waveform reduces the memory requirement. 

As the output sequence is generated by the processor 23, one of the continuous-time 
input signals v(t) is synchronously sampled to yield a sequence of input samples, v„ for 
n-Oto M-l> (where the first P samples of the block have been discarded or not 
measured to allow for settling). Each sample is then multiplied by z n i.e e 1 * (a phase 
inverse of the complex generated signal of which the generated sinusoidal signal is a 
part). The digitised values z n for e' J<a are stored in the EEPROM 25 (or program 
memory 24 or RAM 26) to avoid the need to calculate them in real time. The result is 
the weighted sequence which is summed over the M terms to yield an estimate of the 
complex amplitude Vof the signal at angular frequency a>. This can be represented as: 



v(t) = real(V(a))e Jat ) + a(t) 
where crdenotes any components in the signal that are not desired (e.g. noise), then 



The second term on the right hand side is oscillatory with it/, and therefore loses 
significance relative to the first term if M is large. The third term on the right hand side 
can also be neglected for large enough M provided the "noise" is uncorrelated with the 

output drive signal. It is particularly advantageous if f s be chosen such that /, = 

2tt 

where N is a positive integer, and M is chosen such that M=pN, where p is also a 
positive integer. In this special case, the second term on the right hand side above is 
zero. In any case, the estimate of V, denoted V , is given by 



and 
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MV « 

^ o 

This requires just two multiplications and additions at each sample point, and is 
therefore extremely economical on processing power, A basic microcontroller can 
manage this with less than 10% of its processing ability at useful sample rates. 



In systems with more than one sinusoid component in the output drive signal, it is 
particularly advantageous if the frequencies of those components each obey the relation: 



2 

where p is a positive integer, and a> p is the angular frequency of the p th component. 

In this case, whole cycles of each of the components fit within the M samples that are 
used in the calculation of the estimates of the complex voltage amplitudes. These 
estimates are calculated in a way analogous to that used for a single frequency system, 
viz. 

MV M ~ ] 

— =EW 
2 r * p 

where V p is the complex amplitude of the voltage component at angular frequency o p 

and z p = e J "' T . If there is a special relationship among the excitation frequencies of a 
multi-frequency system, it is often possible to avoid storing a complete set of the 
weights z* for each frequency component because many of the weights will be 
common to more than one component. For example if p=\ , 2 in a two-frequency 
system, at most only the weights z x a (w==0 to A/-1) need be stored, as the weights z? are 
already contained within, and can be picked out of the z* > 
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A window function can be applied to a sample block in order to reduce windowing 
effects. The window function can easily be incorporated by modifying the weights z n 
with the window weight (say w a ) and pre-storing the result w„z n in the EEPROM 25. 
Such window functions are well known in the art. This can mean that some additional 
storage is required for the modified weights, but no additional arithmetic operations are 
needed to form the estimate of V. Alternatively the values stored for the signal samples 
can be a combination of z" n and the window weights to avoid the need for additional 
storage and precalculation at run time. The window function can also overcome start- 
up transients by including leading zeros. 

Another method of estimating K would be to low-pass filter the weighted input 
sequence. This is really just another fonn of averaging, and could be performed by e.g. 
convolving the weighted sequence with the impulse response of the chosen filter. 
Alternatively, the unweighted input sequence could be convolved with the impulse 
Tesponse of a band-pass filter with its pass-band centred substantially at an angular 
frequency of ox These alternatives will require more computation and storage, 
however. Both of these alternatives could also be implemented "in the frequency- 
domain", in which case a Fast Fourier Transform (FFT) of the weighted or unweighted 
input sequence is typically taken prior to modifying it by the transfer Amotion of the 
chosen filter. (In these cases, M will normally be chosen to be a power of 2). These 
alternatives also require more computation. These alternatives are also applicable to 
signals containing more than one frequency component. 

The above process, applied to the two consecutively measured input signals (or "block- 

A Jt^J^ 

pair"), will yield — - a A s > say, and -~- s A 0 where V s and V 0 are the complex 
2 2 

voltage amplitude estimates measured by the system at the device 20 and at the output 

of the amplifier 22 respectively (i.e. at either end of the load resistor 21). The difference 

A A A 

value is then calculated using A H = A c - A s . Cross- and auto-power spectral estimators 
are then formed as 

•» A A ^ 
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and 

where k R is the complex conjugate of A R . 

These quantities can be further averaged (e.g. over several block-pairs) if their variances 
are desired to be reduced. 

It should be noted that the multiplication of the complex first and second parameters 
A R and ^by A R causes the product A R A R to be generated, which is real. This facilitates 
the comparison of the third and fourth parameters^ and S RR , and avoids the need to 
perform computationally complex division of the parameters since it facilitates a 
threshold comparison. Also, this facilitates the averaging of measurements or 
parameters. 

The thresholding of the results, in order to identify a threshold change in impedance can 
be summarized as the determination of any one of the following: 

real(§ KS ) > HS RR ? (threshold on the linear resistive part of the impedance) 

imagiSx; )>H§ RR 1 (threshold on the linear reactive part of the impedance) 

or abs(S RS )> HSm? (threshold on the magnitude of the hnear part of the impedance) 
(or, equivalently, > HS^ ?), 

or more generally, 

real(S RS e* ) > HS RR ? Etc. where <f> is a quantity selected by the designer or derived as 
part of the processing 



or even more generally. 
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G r (reaI(S RS e J ')) + G.QmagiS^)) > HS^ ? where G r and G, are arbitrary real 
functions selected by the designer or derived by the processing. 

The above formulae can also be generalised to use an impedance measure derived from 
2 different frequency measurements. This would take the form given below in one 
example 

imag(aS w (o { )S M (o> 2 ) + /3S R5 (a> 2 )S M (*>, )) > HS M («, (<y 2 ) ? 
(this is a threshold on the linear reactive part of the weighted impedance measure), 
where <w, and ^ indicate measurements at 2 frequencies and a and ft are constants 
determining the weight applied to the measurements at frequency 1 and 2. This type of 
weighted sum comparison can obviously be generalized to the other types of 
thresholding listed above. The values a; y?= ±1 are particularly useful for forming 
measures of sums or differences of components of impedance at different frequencies 
for comparison with a threshold. This type of weighted sum can also be generalized to 
more than 2 frequencies without difficulty. 

In the above embodiments the "Hi" transfer function is used. However as an alternative 
the "H2" transfer function could be used and will give rise to the inequalities: 

S^realiS^) > MSTsrSsr ? (threshold on the linear resistive part of the impedance) 
S^imagiS^) > HS^S^ ? (threshold on the linear reactive (inductive) part of the 
impedance) 

$s$$s$ > HSsrSsr ? (threshold on the magnitude of the linear part of the impedance) 
or more generally, 

S&realiSlfle**) > HS* SR $ SR ? Etc. where (fits some constant chosen by the designer or 

derived by the process 

where S ss = A S A S and S SR = S ps , 
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In setting the above thresholds, //will contain numerical constants relating to the 
system and the processing that can be pre-calculated and will not vary from one set of 
electronics to another. It will also contain the precise value (or its reciprocal) of the 
load resistance, which is stored in the EEPROM 25 (or other memory) following a 
calibration process or end-of-line test. 

It is clear from the above that in order to identify whether a change in impedance (or at 
least one component of it) is above or below a threshold its actual value need not be 
computed and compared to a threshold. Instead, the relative values of two parameters 
related to the current and the voltage in the device can be compared to determine if their 
relationship is above or below a threshold. 

In one embodiment hysteresis is added into the comparison in order to avoid •hunting' 
when the impedance (or at least one component of it) fluctuates close to the threshold. 
Accordingly the threshold can be dependant upon the current state i.e. whether the 
quantity related to the current impedance (or at least one component of it) is above or 
below the threshold. In order for the system to generate an output the inequality is 
adjusted either by adjusting Hot by adding a factor into either side of the inequality. 
Thus if the quantity related to the impedance component was above the threshold for a 
previous measurement, for example real^S^) > HS RR , the effective threshold is made 
smaller either by reducing Hot by adding a factor to the left hand side of the inequality 
(or subtracting a factor from the right hand side of the inequality). Similarly if the 
quantity related to the impedance was below the threshold for a previous measurement, 

for example rea^S^) 5 HS^ , the effective threshold is made bigger either by 

increasing Hoi by adding a factor to the right hand side of the inequality (or subtracting 
a factor from the left hand side of the inequality). 

A second embodiment of the present invention will now be described with reference to 
figure 3. This embodiment is similar to the first embodiment illustrate in figure 2 (and 
hence like reference numerals have been used for like components) except that the 
measures voltages are v, and vr where v* is the difference between the voltages u 0 and v, 
as provided by an analogue difference amplifier 72. 
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In this embodiment the processing, applied to the two consecutively measured input 
signals (or "block-pair"), will yield ~p- s A s and ^ s ^ where K s and V R are the 

complex voltage amplitude estimates measured by the system at the device 20 and at the 
output of the difference amplifier 72 respectively. Cross- and auto-power spectral 
estimators are then formed as in the first embodiment. 

This embodiment benefits from the avoidance of the need to calculate the difference 
voltage parameter A R ftom k s and A 0 . However a difference amplifier is required 
which is highly accurate and stable. 

A third embodiment of the present invention will now be described with reference to 
figure 4. This embodiment is similar to the first embodiment of the present invention 
illustrated in figure 2 and hence like reference numerals are used for like components. 
This embodiment differs from the first embodiment in that multiple measurement 
channels are provided for simultaneous measurement of the voltages sequentially. In 
this embodiment there are two channels operating so that at any point in time a 
measurement of both voltages v 0 and v, is being taken simultaneously. Each 
measurement channel includes a low pass filter 49 or 50. In this embodiment the 
measurement channels share an analogue-to-digital converter 30 by the use of a 
multiplexer 51 to multiplex the signals via the ADC into the processor 23. This 
embodiment is suited to systems in which P=Q 9 all of the input sample block-pairs are 
either the same or varying only slowly in time, and the blocks are output consecutively 
with no quiescent period between them. It still has the advantage that accurate 
matching of the measurement channels is not required. 

In an alternative embodiment each measurement channel could have its own analogue- 
to-digital converter. Also, although this embodiment illustrates the use of two 
simultaneous measurement channels, the present invention encompasses any number. 
The number is limited only by the number of samples in each block. At the limit, each 
of a plurality of 2M channels could provide simultaneous measurements sequentially 
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starting at each sample point of the M samples per block so that the channels measure 
the voltages one cyclically sample point out of phase. 

Each measurement channel provides sequential measurements of the voltages. Each 
channel allows the processor to generate a result every second block after an initial 
delay of two blocks. In the embodiment illustrated in figure 4 the use of two channels 
enables the processor to produce a result every block. In the extreme, where there are 
2M channels, the processor could produce a result every sample point 

In the case of two channels, during samples 0 to M-l channel 1 will be switched to 
sample v p for example and during samples M and 2AM, it will be switched to 
measuring v, and so on alternately. Whereas, channel 2 will be switched to measure v Q 
during samples Mio 2M-1, and during samples 2Mto 3AT-1 it will be switched to 
measure v s> and so on alternately. By computing results for consecutive block-pairs, this 
enables results to be available from channel 1 at times (2M-l)t } (4AM)r etc , whereas 
results are available from channel 2 at interleaved times (3AM)r, (5A/-l)retc. This can 
be extended to more channels in the same manner. 

In the limiting case of 2M measurement channels, each pair of channels begins its 
acquisition of its block-pairs one sample delayed from the previous pair of channels. 
One of the pair will begin by measuring a block of y Q> and the other will measure v,. 
This enables, after an initial delay of one block-pair, results taken across all of the 
channels to be available every sample point. 

Evenly spaced results (in time) are generated for multiple channels if the number of 
channels is 2 times a factor (or the product of factors) of M. 

In this embodiment, in order to improve the accuracy of the processed result, the 1 
processor can perform an averaging operation on the measurements from the multiple 

channels. The averaging can be of the parameters A s and A 0 , or A s and A R for example. 
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The embodiments of the present invention are suited to use with proximity sensors. The 
design can use a separate microprocessor for each sensor. This is economically viable 
because the processor can be very simple and cheap. It also means that the system is 
highly modular, and failures in one sensor channel are unlikely to affect another sensor 
channel (because the channels are effectively self-contained). However, it is possible to 
combine more than one sensor channel with a single, more powerful, processor yet still 
use the sequential measurement technique and economical processing method to 
simplify the system and reduce its cost. 

Since the designer can choose the excitation frequencies, it is possible to ensure that 
they are not close to other significant sources of interference (such as harmonics of an 
alternating current (ac) power line frequency). 

Where crosstalk from one sensor system to another is unavoidable, it is preferable for 
each system to be operating at a different set of frequencies. This may not be possible, 
however, as there is an incentive to make all systems the same. In this case, the 
frequencies of each system can be made to change in such a way that one system's 
excitation will be decorrelated from another's (a random variation of the excitation 
frequencies from block-pair to block-pair within some bounded range would achieve 
this, for example). Alternatively, the frequencies can be kept fixed and the phases of the 
excitation blocks can be changed from block-pair to block-pair. 

Where interfering noise is thought to be a problem, the number of samples in each data 
block, M, can be increased. This is at the cost of a slower response to changes in the 
sensor-target separation. M could be adaptively varied in response to some estimate of 
the level of background noise. An alternative (or complement) to varying M is to form 
the cross- and auto-power spectral estimates from the averages of more than one set of 
consecutive data block-pairs. This has the same effect of improving the noise immunity 
at the cost of a slower response to sensor-target separation. The number of averages 
chosen could be adaptively varied in response to some estimate of the level of 
background noise. A useftd estimate of the background noise could be derived from the 
coherence, given by 
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Yrs 



* - 



would be compared to § RR without performing the 



although in practice, 

computationally expensive division. The averages (indicated by an over bar) are taken 
over more than one data block-pair. This would normally be performed as a "running 
average" over a chosen number of data block-pairs. The coherence will be close to 
unity if the noise is low, and tends to zero as the noise increases. The only additional 
quantity that has to be computed is 

~ A A # 

$ss = A$A $ . 

An adaptive scheme might vary M and/or the number of averages of the cross- and auto- 
power spectral estimates in order to keep the coherence at around some threshold value, 
such as 0.95. 

• In the above method a modulus is required. An alternative method comprises using the 
equation: 

/ rs T= y- - 

S RR *SS 

This avoids the need for the modulus operation. The comparison to avoid division can 
then be carried out by determining if; 



Y\s > Y threshold 



i.e. whether 



Srs SrS > YluuhotdSRR $SS 



In some systems, large, sudden and short duration noise is present (this would be 
typified by a lightning strike, for example). Where a running estimate of the coherence 
is being maintained, the consequent sudden drop in coherence can be used as an 
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indicator that a false "near/far 0 indication may be given. It is then possible to e.g. hold 
the previous state until the coherence regains an acceptable level. This helps to avoid 
false indications during periods of strong intermittent noise. 



An alternative approach to estimating the noise on the signals is to compare the total 
magnitude of the signal with its extracted complex amplitude. So, for example, one 
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could compare 
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, when the excitation contains K sinusoids 



at different frequencies, to decide if the signal at frequency a* is sufficiently large 
compared to all of the other (non-system related) noise on the signal If it is not, and 
nor are any of the other excitation components, then one might choose to ignore the 
"near/far" indication given and hold a previous value. This type of comparison is prone 
to false alarms, however, because the process of extracting the complex amplitudes at 
the excitation frequencies is highly frequency-selective, so even large amounts of noise 
in the signal at other frequencies may have little effect on the accuracy of the "near/far" 
indication. It may, however, still be a useful technique for catastrophic events, such as a 
lightning strike. Again, a "running average" of the above comparison over more than 
one data block-pair could be maintained, and the trend in this average used to diagnose 
sudden increases in noise. 



A "diagnostic" signal could be generated by the system for output to other systems 
when excessive noise interference is detected by either of the above general techniques. 

One embodiment of the present invention provides a method of calibrating a 
measurement system as described above with reference to any one of figures 1 to 4. In 
the prior art, the measurement system requires the use of an accurately known load 
resistance 2. The processing is then performed on the measurements assuming the 
known resistance. In this embodiment of the present invention, the measurement 
system does not rely on the use of a known stable load resistance R. Instead a stable 
resistance can be used the value of which is not initially accurately known but which is 
measured and stored in the processing system for use during measurements. 
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The method comprises using a test resistance R t of accurately known value in place of 
the device and taking voltage measurements. In the prior art system of figure 1 , the 
value of R could be calculated from: 



In the systems of figures 2, 3, and 4, however, R would typically be estimated using 
similar methods to those used in normal operation with a device connected in place of 
the test component viz. 



R~R, 



'us 



The computation of R and derived values can be performed in the test equipment if 
desired, and the results stored in the processor memory. 

There is no necessity for the load component or the test component to be purely 
resistive, provided the impedance of the test component is known, and the impedance of 
the load component is stable. However, it is convenient to make both components pure 
resistors so that their impedances are frequency-independent. Embodiments with load 
components that are not pure resistors can easily be derived from the above 
embodiments in which a purely resistive component is used. 

The value for R (or the reciprocal of R or a derived quantity) is stored in the processor 
memory e.g. the EEPROM of figures 2 to 4 for use in the calculation of the impedance 
or at least one component of impedance of the device using prior art processing 
techniques, or for use in the calculation of the comparison as described hereinabove. 

Thus this embodiment of the present invention provides a methodology, which avoids 
the expensive component costs required in the use of stable and precisely manufacturer- 
characterised resistors as the load resistance in the measurement system. 
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A further embodiment of the present invention provides a method of identifying devices 
when devices have different permeability or resistivity as a function of frequency. Such 
a variation is illustrated in figure 5. The devices may have different core materials that 
may need different temperature compensation. The differing core materials may have 
differing permeability as a function of frequency. To make use of differing frequency 
dependencies of the impedance with frequency for the 2 device types, current and 
voltage measurements are taken at one or more additional frequencies to the basic 
frequency needed for the impedance (or at least one component thereof) change 
determination. 

Impedance estimates at frequencies ®\ and ah are obtained, This gives a test inequality 
of the form:- 

\Z(a> x f>k\Z(0 t fl 

for a test based on the magnitudes of the impedances at the two frequencies. This is 
comparable to 

or 

V s fa Ws fa Wr fa )K fa ) > kV $ fa Wl fa ) V & fa )K fa ) ? 
for a prior art system in which the load component is a resistor and v r ■» v 0 -v s . 

Similarly, for a test based on the real part of the impedance of the device, 
realise (o>, (a> 2 ) > k realiS^ (a 2 ))S RR (a>, ) ? 

or 

reat(V s (6) x MfaWfaMfa ) > k «fl/(P,(fl^ 
For a test based on the imaginary part of the impedance of the device 
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or 

Thus this enables the type of device, i.e. a device or group of devices having the same 
characteristics, to be determined from its impedance characteristics by comparing the 
measurements at two frequencies, if the value of A: is set at a value that allows the 
distinction between type 1 and type 2 devices. The identification of a device type from a 
plurality of device types can be achieved by repeating this method for pairs of device 
types. 

A further refinement of the above comparisons can be made when identification of a 
device from a group of devices is to be based on a measure of the eddy-current 
"resistance" of the device. In this case, measurements are made at a low frequency o)\ 
where the eddy-current effects are small, and another, higher frequency Since the 
resistive components not due to eddy currents are sensibly constant with frequency, a 
decision based on the difference between the resistive part of the impedance measures at 
®x and <o\ is comparable a decision based on the eddy-current "resistance" of the device. 
In practice, this comparison is preferably performed by 

^/(-^(^ ? 

In any embodiment of the present invention described hereinabove, the processor can be 
programmed to identify a fault in the device i.e. to carry out diagnostics for the device. 
For example, if the processor detects that the voltage v 0 has gone low, this indicates 
that the digital-to-analogue converter is damaged. If the voltage v, goes low, this 
indicates that the device has gone short circuit. If v* **v s this indicates that the device 
has gone open circuit. The processor can detect these types of faults and can generate 
an output that can be used to give a warning. This technique is equally applicable to 
prior art systems. In this embodiment, if the load component goes open circuit v* goes 
very low. Also if the device goes short circuit, v, goes very low. 

In one embodiment, in order to detect if the load component has gone open circuit, a 
small resistor of know resistance can be placed in series with the load component 
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between the load component and the device. The measurement v, being taken between 
the additional resistor and the device and the measurement v 0 being taken at the end of 
the load component remote from the additional resistor. In this embodiment when the 
load component goes open circuit, v, goes very low. If the device goes short circuit, v, 
goes low but not very low. Thus using the additional resistor enables the two states to be 
distinguished. To avoid the problem of the additional resistor going open circuit, a third 
measurement could be taken between the additional resistor and the load component. 

The identification of a device or device type is useful where the devices are used for 
applications where they can be used interchangeably and it is desirable to use the same 
electronic processing circuit e.g. where the device may be replaced in use with a device 
of another type having different characteristics. In such a scenario it is important that 
the electronics detect that the device type has changed and use appropriate calculations 
to generate the proper output e.g. a proximity detection output. In the embodiments 
described above, the detection of the device type enables the proper threshold values H 
to be chosen for use with the device type. 

Although embodiments of the present invention have been described with reference to 
inductive devices, the present invention also applied to capacitance devices since the 
imaginary part of impedance (the reactive part) is dependant upon inductance or the 
inverse of capacitance. Such variable capacitive devices, such as variable capacitance 
proximity sensors are well known in the art 

Although the present invention has been described with reference to specific 
embodiments, it will be apparent to a skilled person in the art that modifications Jie 
within the spirit and scope of the present invention. 



